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Xenopus laevis can regenerate an amputated limb completely at early limb bud stages, but the metamorphosed froglet
gradually loses this capacity and can regenerate only a spike-like structure. We show that the spike formation in a Xenopus
froglet is nerve dependent as is limb regeneration in urodeles, since denervation concomitant with amputation is sufficient
to inhibit the initiation of blastema formation and fgf8 expression in the epidermis. Furthermore, in order to determine the
ause of the reduction in regenerative capacity, we examined the expression patterns of several key genes for limb patterning
uring the spike-like structure formation, and we compared them with those in developing and regenerating limb buds that
roduce a complete limb structure. We cloned Xenopus HoxA13, a marker of the prospective autopodium region, and the
expression pattern suggested that the spike-like structure in froglets is accompanied by elongation and patterning along the
proximodistal (PD) axis. On the other hand, shh expression was not detected in the froglet blastema, which expresses fgf8
and msx1. Thus, although the wound epidermis probably induces outgrowth of the froglet blastema, the polarizing activity
that organizes the anteroposterior (AP) axis formation is likely to be absent there. Our results demonstrate that the lost
region in froglet limbs is regenerated along the PD axis and that the failure of organization of the AP pattern gives rise to
a spike-like incomplete structure in the froglet, suggesting a relationship between regenerative capacity and AP patterning.
These findings lead us to conclude that the spike formation in postometamorphic Xenopus limbs is epimorphic
regeneration. © 2000 Academic Press
Key Words: limb; regeneration; Xenopus; msx; Hox; shh; nerve.c
o
b
h
e
f
f
b
t
s
f
a
e
p
e
a
g
tINTRODUCTION
Urodeles and anurans appear to share the same limb
pattern-forming mechanisms during regeneration (Sessions
et al., 1989). However, limb regeneration in anurans is
limited, while urodeles have a high regenerative capacity of
limbs throughout their life (see Stocum, 1995, for review).
For example, Xenopus laevis larvae can regenerate an exact
replica of the missing part after amputation at an early limb
bud stage. However, this regenerative capacity gradually
decreases during metamorphosis, and froglets are only able
to regenerate hypomorphic cartilage, resulting in a spike-
like structure (Dent, 1962; see Figs. 1A and 1B). Although
the Xenopus limb serves as an excellent model system for a
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Science and Technology, 3-10-32, Kagamiyama, Higashi-
Hiroshima, Hiroshima, 739-0046, Japan.
2 To whom correspondence should be addressed at Biological
nstitute, Graduate School of Science, Tohoku University, Sendai,iyagi, 980-8578, Japan.
296omparison of regenerative and nonregenerative limbs in
ne species, relatively little is known about the molecular
asis of limb regeneration.
Konieczna-Marczynska and Skowron-Cendrzak (1958)
ave shown that hyperinnervation stimulates limb regen-
ration in Xenopus froglets, resulting in digit-like cartilage
ormation. Sessions and Bryant (1988) suggested that spike
ormation is due to an intrinsic property of the froglet
lastema, because froglet forelimb blastemas grafted onto
adpole hindlimb bud stumps formed autonomously into a
pike-like structure. Scadding and Maden (1994) suggested,
rom their results of a comparison of the distributions of
ll-trans-retinoic acid (RA) in axolotl and Xenopus blast-
mas, that a gradient of RA along the anteroposterior axis
lays an important role in pattern formation in limb regen-
ration and that its absence is involved in the formation of
spike-like structure that is pattern deficient. Taken to-
ether, these findings suggest that nerves are involved in
he initial formation of the Xenopus blastema, which de-velops autonomously and results in a spike, and one of the
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297Analysis of Gene Expressions during Xenopus Forelimb Regenerationreasons why the blastema can regenerate only a spike-like
structure might be a lack of molecular interactions along
the anteroposterior axis.
In this study, we sought to address two questions: what
stimulates the initial formation of the blastema in froglets,
even though it gives rise to an incomplete and poor struc-
ture, and why can the blastema regenerate only a poor
pattern? With respect to the first question, denervation
concomitant with amputation of the limb was shown not to
affect spike regeneration in a previous report (Korneluk,
1982). We revisited this issue and found that the spikes are
in fact nerve dependent, in contrast to the earlier study.
Then, we examined the fgf8 expression and histological
changes in order to investigate whether nerves are involved
in the stimulation of blastema formation in the Xenopus
froglet forelimb as they are in regenerating urodele limbs
(see Wallece, 1981, for review). Our observations suggest
that the blastema is formed under the influence of the
nervous system. With regard to the second question, it is
possible that some parts of the molecular mechanisms
involved in pattern formation do not function normally and
that this is one of the reasons that the blastema can only
produce abnormal structures such as a hypomorphic carti-
lage pattern. We therefore examined the expression patterns
of several key genes in regenerating postmetamorphic Xe-
opus limbs and compared them with those in developing
nd regenerating limb buds. The genes that we examined
nclude HoxA13, msx1, fgf8, and shh, all of which are
nvolved in limb morphogenesis and patterning in other
ertebrates. Our results suggest that the spike in the Xeno-
us limb regeneration is a defective distal limb structure
nd that the absence of the ZPA expressing shh is one of the
auses of spike formation after amputation of Xenopus
roglet forelimbs.
MATERIALS AND METHODS
Manipulations. X. laevis tadpoles and froglets were raised in
our laboratory from induced breeding of adult frogs and were
allowed to develop until they reached stages 51–55 (Nieuwkoop
and Faber, 1956) or froglets.
For limb regeneration, Xenopus tadpoles at stages 53 and 55 and
froglets were anesthetized in 1:3000 ethyl-3-aminobenzoate (AL-
DRICH) dissolved in Holtfreter’s solution. Hindlimb buds were
amputated at the prospective ankle or knee level with an ophthal-
FIG. 1. (A) A normal forelimb of the Xenopus froglet. (B) A cone-s
amputation. (C) A section of a blastema formed on the forelimb a
froglet. Bright field (D, hematoxylin, eosin, and Alcian blue stainin
after amputation. Lines and arrowheads show the amputation leve
FIG. 2. Effect of denervation on spike formation and fgf8 expre
Denervation concomitant with amputation at the wrist level result
days after operation. (D) RT–PCR analysis of fgf8 expression. RNA
forelimbs (W), and denervated forelimbs (DN) at 12 h and 14 days after
Copyright © 2000 by Academic Press. All rightmological scalpel. Forelimbs of froglets were amputated at the
wrist level. The tadpoles that were operated on were bred and
allowed to develop for 7 days. The manipulated froglets were bred
for 7–10 days until the blastemas became cone shaped.
For denervation, two incisions were made on the dorsal and
ventral sides of the shoulder followed by the amputation of the
forelimb at the wrist level. All nerve trunks of the third, forth, and
fifth brachial nerves were uprooted completely from the distal part
of the forelimb through these incisions.
RT–PCR for fgf8. RNA samples were prepared from regenerating
forelimbs, wound-healing forelimbs, and denervated forelimbs. Am-
putation and denervation were performed as described above. For
wound healing, the skin at the wrist level was partially cut off into
square-shaped sections (1.5 3 1.5 mm). Twelve hours and 14 days
after operations, specimens were sampled and processed for isolation
of total RNA. The employed primer pairs specific for individual genes
were as follows: fgf8-forward, 59-GACCAACTAAGCCGACGGCT-
CATC-39; fgf8-reverse, 59-TTTATGAGGTTCTGTGGTGTGGT-
TC-39; EF1a-forward, 59-CAGATTGGTGCTGGATATGC-39; and
F1a-reverse, ACTGCCTTGATGACTCCTAG-39. Cycle conditions
were 94°C for 5 min, 30 cycles at 94°C for 1 min, at 60°C for 1 min,
and at 72°C for 1 min (fgf8) or 26 cycles at 94°C for 1 min, at 60°C for
1 min, and at 72°C for 30 s (EF1a) and then at 72°C for 10 min.
PCR cloning of the Xenopus homolog of HoxA13. The cDNA
derived from stage 51 limb buds was used as a template. Degenerate
primers were designed on the basis of comparison of mouse,
human, and axolotl HoxA13. The primers were 59-CACCTCTG-
AAGTCCTCTCTGCC-39 (forward) and 59-TCCATTA(AG)-
T(AG)GTGGT(CT)TT(CG)AGTTT-39 (reverse). A PCR product
f about 270 bp was cloned into the pCR II vector (Invitrogen) and
equenced to be determined as Xenopus HoxA13. Because this
ragment contained a homeobox that is a highly conserved region
etween Hox13 palalogues, we cloned another fragment for RNA
robe synthesis. We designed a degenerate primer, 59-
TACTTCGGCAGCGGCTA(CT)TA(CT)CC-39, based on mouse
nd human HoxA13, and a nested primer, 59-GCTGTCT-
ACTGATGCACGACATCC-39, based on the fragment described
bove. A PCR fragment of about 360 bp was cloned and sequenced.
he second fragment was used as a template for RNA probe
ynthesis.
In situ hybridization. A partial fragment of Xenopus fgf8 was
loned by RT–PCR using total RNA from Xenopus limb buds
ccording to the method of Christen and Slack (1997). Xenopus
sx1 and shh clones were kindly provided by Dr Mitsugu Maeno
nd Dr Kosuke Tashiro, respectively. A digoxygenin-labeled RNA
robe for each gene was prepared following the protocol manual of
oehringer Mannheim.
Whole-mount in situ hybridization was performed essentially as
escribed by Endo et al. (1997), with minor modifications. The
d hypomorphic structure formed on the forelimb at 1 month after
ays after amputation. (D, E) BrdU incorporation in a blastema of
d dark field (E). (F) A section of a spike-like structure at 2 months
. (A) A spike-like structure at 56 days after amputation. (B, C)
no significant structure (B, 69%) or in a poor spike (C, 31%) at 56
les were prepared from regenerating forelimbs (R), wound-healinghape
t 7 d
g) an
l.
ssion
ed in
sampeach operation.
s of reproduction in any form reserved.
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299Analysis of Gene Expressions during Xenopus Forelimb RegenerationFIG. 3. Histological sections of blastema (A, C), denervated limb (B, D), nonamputated limb (E), and wound-healing limb (F). Sections of
nonamputated and wound-healing limbs are cross sections. Sections of blastema and denervated limb are longitudinal sections. All samples
were fixed at 2 weeks after operations. dm; dermis. Note that the blastema in A and C lacks a dermal layer, which is indicated by
arrowheads and solid lines.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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300 Endo, Tamura, and Ideprocedure used for section in situ hybridization was essentially the
same as that of Yoshida et al. (1996).
RESULTS
Histological Observations of a Spike-like Structure
in the Froglet Forelimb
After amputation of the Xenopus froglet forelimb at the
wrist level (Fig. 1A), it always formed a cone-shaped hypo-
morphic construct (Fig. 1B), as described previously (Dent,
1962), composed of a spike-like unsegmented cartilage
element and a skinny connective tissue layer under the skin
(Fig. 1F). Seven days after amputation, the accumulation of
cells under a thickened epidermis was observed (Fig. 1C).
Examination of the incorporation of the nucleotide ana-
logue 5-bromo-29-deoxyuridine (BrdU) at 12 days after am-
putation revealed a zone of high mitotic activity within the
blastema. Clear signs of cell proliferation were evident, as
BrdU-stained cells were observed both in accumulated
mesenchyme and in overlying epidermis (Fig. 1E). While the
epidermis incorporated BrdU almost evenly, BrdU-positive
cells in the mesenchyme were dense in the distal region,
where Alcian blue staining was negative (Fig. 1D), suggest-
ing that the cells proliferate mostly in the distal blastema.
In contrast, a few of the labeled cells in differentiated
tissues of the limb stump, such as muscle and cartilage,
were detected.
Effects of Denervation on the Initiation of
Blastema Formation
To test the effect of nerves on blastema formation, we
denervated froglet forelimbs concomitantly with amputa-
tion and examined the changes in the frequency of blastema
formation. Eleven out of sixteen (69%) samples displayed
no significant outgrowth of the blastema. The others ( 516,
1%) formed a poorer blastema (Fig. 2C), and it took 4 more
eeks to start making the blastema in the denervated limbs
han in the control limbs (Fig. 2A). In view of the molecular
ifferences between them, especially in epithelial tissue,
e analyzed the differences in the expressions of fgf8 by
T–PCR (Fig. 2D) in a normal blastema after amputation at
he wrist level of the forelimb (Fig. 2A), the most distal
issue of a denervated and amputated forelimb (Fig. 2B), and
he epithelial tissue of a forelimb undergoing wound heal-
ng. The expression levels of fgf8 at 12 h after amputation
ere almost the same in these three kinds of tissue. Only in
normal blastema at 14 days after amputation did fgf8
xpression increase six times more than that at 12 h
calculated by using an NIH image program), but only a
light decrease or no difference was observed in fgf8 expres-
ion at 12 h and at 14 days in both a denervated blastema
nd a wound-healing limb.
Since these data suggest that some morphological
hanges in those tissues give rise to the change in the fgf8
xpression, we observed histological sections. In sections of s
Copyright © 2000 by Academic Press. All rightnonamputated froglet forelimb at the wrist level (Fig. 3E),
dermal layer was observed between the epidermis and the
esenchyme. Some fibroblastic cell populations were ob-
erved under the dermal layer. Examination of sections of a
lastema revealed that the blastema in the froglet forelimb
oes not have a dermal layer, resulting in direct contact
etween epidermis and underlying mesenchyme (Figs. 3A
nd 3C). Interestingly, in contrast to a normal blastema, a
ermal layer was observed in the distal tip after amputation
f a denervated limb (Figs. 3B and 3D), as was the case in a
ound-healing limb (Fig. 3F). Thickened wound epidermis
as never been seen during wound healing associated with
enervation, and it is possible that wound closure may be
y contraction of mature epidermis. These results suggest
hat the dermal layer in the distal tip of denervated limbs
ay disturb the epidermal–mesenchymal interaction, re-
ulting in the failure of increase of fgf8 expression (Fig. 2).
Cloning of a Xenopus Homolog of HoxA13 and Its
Expression Pattern in Developing and
Regenerating Limb Buds
After the establishment of the initial blastema, which
appears to be influenced by the nervous system, as stated
above, the blastema outgrows distally with cell prolifera-
tion (Fig. 1E). We examined whether the growing blastema
has the positional identity of the distal (autopod) region,
which is thought to be necessary for patterning autopod
elements. For this purpose, we first cloned a partial cDNA
of Xenopus HoxA13, a marker of the most-distal identity in
other vertebrate limb buds (see also Nelson et al., 1996, for
review; Yokouchi et al., 1991). An alignment of the deduced
amino acid sequence showed the same identity (90%) to
human, mouse, axolotl and zebrafish HoxA13 (Fig. 4A),
indicating that the homeodomain is highly conserved in
vertebrates.
The spatial–temporal expression profile of HoxA13 was
investigated by whole-mount in situ hybridization.
oxA13 transcripts were first detected in a small portion of
istal mesenchyme at stage 51 (Fig. 4B). In the stage 53 limb
ud, strong expression was seen only in the mesenchyme of
he distal flattened part (Fig. 4C). These HoxA13-expressing
egions correspond to the prospective autopodium region of
he fate map made by tracing injected carbon particles
Tschumi, 1957). At stage 55, relatively weak expression
as restricted to the distal ends of digits (Fig. 4D).
To investigate whether the HoxA13-expressing domain
an be restored after amputation, stage 53 and 55 limb buds
nd froglet limbs were amputated at ankle/wrist or knee
evel. HoxA13 expression was seen in the whole mesen-
hyme of the cone-shaped blastema formed on the middis-
al level of the stage 53 limb bud (Fig. 4E). The expression
attern in the stage 55 blastema formed at the ankle level
as similar to that in the stage 53 blastema (Fig. 4F).
eexpression was also found in the proximal blastema
ormed in stage 55 limb buds. While the expression was
een in the whole part of the blastema at first (not shown),
s of reproduction in any form reserved.
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301Analysis of Gene Expressions during Xenopus Forelimb Regenerationthe domain became restricted to the distal region as the
blastema grew (Fig. 4G). HoxA13 transcripts were also
detectable in the blastema of froglet forelimbs after ampu-
tation at the wrist (Fig. 4H) and the elbow (Fig. 4I). In Fig. 4I,
there is a gap between the proximal end of the HoxA13-
expressing domain and the amputated plane as in the stage
55 blastema (Fig. 4G), suggesting that the proximodistal
(PD) repatterning proceeds distally.
Msx1 and fgf8 Expressions in Developing and
Regenerating Limb Buds
Next, we examined the expression patterns of msx1 in
the limb bud and blastema in comparison to the expression
of fgf8, an AER (apical ectodermal ridge) or AEC (apical
ctodermal cap) marker (Christen and Slack, 1997). Msx1
erves as a excellent marker of the progress zone (PZ), a
ass of undifferentiated and proliferating cells in chick
imb buds (Ros et al., 1992; Suzuki et al., 1991). Xenopus
sx1 has already been cloned and analyzed in the early
enopus embryogenesis (Su et al., 1991), but there has not
een any reports with regard to its expression in Xenopus
imb buds. At stage 51, msx1 transcripts were found in the
eripheral region along the dorsoventral (DV) boundary but
ot in the proximal part of the posterior side (Fig. 5A). The
xpression domain of msx1 was broader along the anterio-
osterior (AP) axis was broader than that of fgf8 (Fig. 5E).
ectioned in situ hybridization revealed that msx1 is ex-
ressed in a narrow region of the distal mesenchyme (Fig.
B) beneath the ectoderm and that only basal layers of the
ctoderm express fgf8 (Fig. 5F). Msx1 expression became
estricted distally and peripherally by stage 53 (Fig. 5C), and
gf8 was still detectable at this stage (Fig. 5G). At stage 55,
sx1 expression remained localized only in the interdigital
pace (Fig. 5D), as is the case in chick and mouse limb buds
Hill et al., 1989; Suzuki et al., 1991), while fgf8 mRNA was
not detected (Fig. 5H).
As the blastema grew after amputation of the stage 53
limb bud, the reexpression domain of msx1 became re-
stricted to the DV boundary of the distal and peripheral
mesenchyme (Figs. 5I–5K). The expression pattern was
similar to that in a stage 53 limb bud (Fig. 5C), suggesting
that developing and regenerating limb buds share the same
mechanism mediated by msx1. Fgf8 expression in a serial
section (Fig. 5J) showed that msx1 is expressed in a narrow
region under the fgf8-expressing epidermis (compare Figs. 5J
and 5K with Figs. 5N and 5O).
Gene Expressions in Regenerating Blastemas of
Froglet Forelimbs
From the observations above that demonstrate a similar-
ity in the gene expression patterns in Xenopus and the other
vertebrate limb buds, we examined these gene expressions
in the blastema of the froglet forelimb in order to determine
whether or not some parts of mechanisms represented by
these gene expressions are collapsed, resulting in the spike t
Copyright © 2000 by Academic Press. All rightormation. We used three marker genes described above
HoxA13 as a marker of the identity of the distal structure,
sx1 as a marker of the PZ, fgf8 as the AER or AEC marker)
nd we used shh as a marker of the ZPA, as described
reviously (Endo et al., 1997). In situ hybridization was
erformed on blastemas formed at the wrist level of froglet
orelimbs. HoxA13 was detected in the blastema mesen-
hyme (Fig. 6A) ubiquitously rather than peripherally (Fig.
B). Reexpression of msx1 was found in the peripheral
esenchyme (Figs. 6C and 6D). Fgf8 was reexpressed in the
hole epidermis of the blastema (Figs. 6E and 6F). Reex-
ression of shh, however, was not detected (Fig. 6G).
DISCUSSION
Blastema Formation Depending on Nerves in
Xenopus Forelimbs
Early stages of limb regeneration in urodele is dependent
on nerves, whereas limb development is independent of
nerves (Mullen et al., 1996; reviewed by Wallece, 1981).
Since the later stages of the regeneration are nerve indepen-
dent as is limb development, it appears likely that nerves
are involved in early phases of limb regeneration, such as
dedifferentiation of cells, establishment of the blastema,
early outgrowth of the blastema, and the AEC formation.
Korneluk et al. (1982) reported that denervation of regener-
ates at various stages results in the inhibition or delay of
further regenerative responses in Xenopus limb regenera-
ion. However, they showed that denervation concomitant
ith amputation does not affect regeneration, and they
oncluded that the initial responses of an amputated Xeno-
us limb appear to be independent of the presence of nerves.
ur results showed that a more complete denervation
oncomitant with amputation is sufficient to inhibit the
nitiation of the blastema in the Xenopus forelimb. Kor-
eluk et al. (1982) used the following procedure for dener-
ation as they exposed the third, forth, and fifth brachial
erves in the upper forelimb–shoulder region using lateral
nd medial incisions and then ablated a section (1–2 mm) of
he nerve trunks. In marked contrast to this, we ablated the
erves by uprooting the whole distal part of the nerve
runks from the incised region. It is possible that their
enervation failed to abolish the function of the nerves
ompletely, perhaps because some nerves were regenerated,
nd that the same reason explains why our denervation did
ot inhibit regeneration but only delayed it in 31% of the
amples (Fig. 2). We conclude that a more complete dener-
ation concomitant with amputation can inhibit the early
hase of Xenopus limb regeneration, as in the urodele limb,
nd therefore the early initiation phase of the blastema in
enopus limbs is also nerve dependent.
Mullen et al. (1996) showed that Dlx3, a homologue of
rosophila Dll, is expressed in the AEC during axolotl limb
egeneration and that Dlx3 expression is nerve-dependent.
hey suggested that the Dlx3 pathway in the epidermis is aarget of neurotrophic factors. We found that fgf8 expres-
s of reproduction in any form reserved.
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302 Endo, Tamura, and Idesion in the epidermis also depends on nerves in the early
phase of limb regeneration. Although we do not at this time
understand whether these two genes, Dlx3 and fgf8, are in
the same or a parallel cascade during Xenopus forelimb
regeneration, we can safely say that denervation affects
some epidermal properties mediated by certain molecular
FIG. 4. Sequence of homeodomain of Xenopus HoxA13 and its e
(A) Comparison of predicted amino acid sequence for homeodomai
zebrafish. Asterisks indicate the amino acids that are identical am
limb buds and blastemas. (B–D) Developing limb buds at stage 51
tadpole limb buds at stage 53 (E) and stage 55 (F, G) and of the frogle
(H), and elbow (I) levels. Arrowheads indicate the amputation level
(indicated by asterisks) and the amputated plane in G and I.pathways. It is possible that mesenchymal–epithelial inter- a
Copyright © 2000 by Academic Press. All rightction that must be important for limb regeneration also in
enopus (Yokoyama et al., 2000) is affected by denervation.
onsistent with this idea is the fact that denervated blast-
mas have a tight dermal layer, as do Xenopus normal
orelimbs and wound-healing limbs, whereas regenerating
lastemas do not have a dermal layer (see Fig. 3). The
sion pattern in developing limb buds and regenerating blastemas.
enopus HoxA13 with homologues in human, mouse, axolotl, and
ll these animals. (B–H) Expression pattern of Xenopus HoxA13 in
stage 53 (C), and stage 55 (D). (E–I) Regenerating blastemas of the
limb (H, I). Limbs are amputated at the ankle (E, F), knee (G), wrist
e that there is a gap between the proximal end of HoxA13 domainxpres
n of X
ong a
(B),
t fore
. Notbsence of a dermal layer seems to give rise to a direct
s of reproduction in any form reserved.
F
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303Analysis of Gene Expressions during Xenopus Forelimb RegenerationFIG. 5. Expression patterns of Xenopus msx1 and fgf8 in limb buds and blastemas that have complete regenerative capacity. (A–D, I–L)
Expression of msx1. (E–H, M–P) Expression of fgf8. (A–H) Developing limb buds. (I–P) Regenerating blastemas formed on the stage 53 limb
buds 7 days after amputation. Lines indicate the amputation level. A, anterior; P, posterior; D, dosal; V, ventral.
FIG. 6. Expression patterns of HoxA13, msx1, fgf8, and shh in blastemas formed on froglet forelimbs. (A, B) HoxA13. (C, D) Msx1. (E, F)
gf8. (G) Shh. (A, C, E, G) Forelimbs including blastema were dissected at the shoulder level for whole-mount in situ hybridization. (B, D,
) Only blastemas were cut off and sectioned along the AP axis for section in situ hybridization.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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304 Endo, Tamura, and Idecontact between the mesenchyme and the epidermis. Some
neurotrophic factors that are responsible for the early phase
of limb regeneration might not be carried to the epidermis.
Good candidates of such neurotrophic agents are members
of the FGF family. Mullen et al. (1996) reported that
FGF2-treated limbs are able to regenerate even if they are
denervated and that FGF2 proteins are indeed present in
nerves of limbs. However, it remains unclear whether FGF2
acts on the epidermis directly or indirectly. Other members
of the FGF family, such as FGF7 and FGF10, are known to
induce the AER directly in the ectoderm of the chick
embryo (Yonei-Tamura et al., 1999). Hence, FGF7/10 could
e produced in mesenchymal cells in which competence is
y FGF2 or other members derived from nerves, and it could
nduce the AEC in the epidermis and stimulate the fgf8
athway, although we have no clear evidence that addresses
his scenario directly. Another candidate is GGF (glial
rowth factor). GGF, which can be extracted from regener-
ting blastemas as well as from the nervous system in newt,
an stimulate cell proliferation in a denervated blastema
Brockes and Kintner, 1986), suggesting that it plays a role
n nerve-dependent proliferation in the blastema. Further
nvestigations on the nerve dependency of limb regenera-
ion and the functions of neurotrophic factors in limb
egeneration are needed to clarify the molecular mecha-
isms involved in the initial establishment of the blastema.
Pattern Formations in the Blastema That Results
in a Spike
Once a blastema is initiated under the influence of
nerves, the blastema seems to start outgrowth with vigor-
ous cell proliferation in both the distal mesenchyme and
the epidermis (see Fig. 1). However, this early phase never
reaches complete limb regeneration but results in a spike-
like structure. Since Xenopus limb regeneration appears to
be epimorphic instead of a mere tissue regeneration (Goss
and Holt, 1992), it is possible that some phases of later
regeneration, such as molecular cascades for patterning
along each axis, could be incomplete. In some views con-
cerning the expressions of molecular markers, we have
investigated which point or cascade could be included in an
incomplete regeneration.
1. Maintenance of blastema cells in an undifferentiated
state. The AER maintains the distal mesenchyme (PZ) in
an undifferentiated and proliferative state in the chick limb
bud. The spatial expression pattern of msx1 in the develop-
ing chick and mouse limbs coincides with the PZ (Hill et
al., 1989; Robert et al., 1989; Suzuki et al., 1991), and its
expression has been shown to be dependent on an interac-
tion with the AER (Coelho et al., 1991; Davidson et al.,
1991). Thus, it is thought that this gene expression is a
useful marker of the PZ (reviewed by Muneoka and Sas-
soon, 1992). Moreover, msx1 is also expressed in the blast-
ema of the urodele limb, where the cells seem to be in a
dedifferentiated state (Koshiba et al., 1998). The findings
that the froglet blastema expresses msx1 in the periphery of r
Copyright © 2000 by Academic Press. All righthe mesenchyme and that the expression pattern is very
imilar to that in developing and regenerating limb buds
uggest that this region should be dedifferentiated and
roliferative like the PZ. Since the region in the chick limb
ud that has the competence to express msx1 is regulative
nough to restore the missing part (Kostakopoulou et al.,
996) and/or to change its committed fate (Hara and Ide,
997), msx1-expressing cells in the froglet blastema might
ave the competence to start and/or complete limb regen-
ration.
2. Activity of the epidermis. To obtain molecular in-
ights into the activity of the AEC, we observed fgf8
xpression. Although the chick AER is morphologically
efinite, it is difficult to observe a distinguishable one at the
ight-microscopical level in Xenopus limb buds (see Fig. 5F).
owever, the presence of fgf8 in the apical ectoderm of
enopus limb buds suggests that this region is functional
nd equivalent to the chick AER, as also suggested by
hristen and Slack (1997). The idea that the epidermis of
he Xenopus limb is important for limb regeneration is
supported by the results of a study showing that the
amputated froglet forelimb can not form even a spike when
it is transplanted into the body cavity after removal of the
overlaying epidermis (Goss and Holt, 1992). The whole
epidermis in the froglet blastema expresses fgf8 as does the
blastema formed on the larval limb bud. These results
suggest that outgrowth mediated by msx1 expression in the
blastema mesenchyme is probably maintained by fgf8, a
property of the blastema epidermis, according to an analogy
with the developing chick limb bud.
3. Patterning along the proximodistal axis. During
limb development, the first regional difference along the PD
axis is found as the differential expressions of HoxA cluster
enes. In the chick and mouse, HoxA13 is expressed in the
rospective autopod region (Yokouchi et al., 1991). Double
nockout of HoxA13 and HoxD13 results in an abnormal
utopodal phenotype in the mouse (Fromental-Ramain et
l., 1996), suggesting that these genes are essential for
utopodal patterning. In Xenopus, HoxA13 is expressed in
he distal mesenchyme of developing limb buds and regen-
rating blastemas. The expression domains of HoxA13 at
tages 51 and 53 are consistent with the prospective auto-
od region (Tschumi, 1957). Additionally, HoxA13 in blast-
mas formed on the distal level is expressed ubiquitously,
ith a pattern different than that in blastemas formed on
he proximal level which have only distal restriction of
oxA13 expression (compare Figs. 4F and 4H with Figs. 4G
nd 4I). A similar difference in HoxA expression patterns is
lso observed in urodele limb regeneration (Gardiner et al.,
995), indicating the importance of HoxA13 for distal
atterning in limb regeneration as well as limb develop-
ent. Our result showing that HoxA13 is evenly expressed
n the mesenchyme of the froglet blastema (Fig. 4H) implies
hat the froglet blastema possesses a capability to provide
istal structures. PD patterning seems to progress with
egard to the phase of HoxA gene expression.
s of reproduction in any form reserved.
305Analysis of Gene Expressions during Xenopus Forelimb Regeneration4. Anteroposterior patterning. Finally, we observed
shh expression in order to examine the presence of the ZPA,
which is involved in AP pattern formation (Endo et al.,
1997; Riddle et al., 1993). The fact that shh expression was
not detected in the froglet blastema suggests that the ZPA
is absent in the froglet blastema. It seems reasonable to
conclude that the loss of the ability to reexpress shh in the
blastema and the failure to organize the AP patterning
mediated by shh is one of the reasons why the froglet
blastema can not complete the regeneration and results in a
spike-like structure. Scadding and Maden (1994) reported
that in Xenopus there is no apparent gradient of RA along
the AP axis set up during limb regeneration, in contrast to
the situation in axolotl. They suggested that Xenopus
appears capable of switching on regenerative growth but is
not able to appropriately pattern the regenerate along the
AP axis. However, it does not necessarily mean that the
absence of shh expression is the one and only reason for the
failure of patterning in this species. It is still possible that
the absence of shh expression is related to incomplete PD
axis formation because we can not conclude that the PD
repatterning is complete in blastemas of Xenopus froglet
forelimbs, although our present data suggest that the PD
repatterning really occurs and proceeds. In axolotl, shh
expression has been reported to be clearly related to repat-
terning on the PD axis (Torok et al., 1999). Other lines of
the molecular pathway on patterning could be disrupted as
well. For instance, the resultant spike has no segment along
the PD axis as do normal digits, even though it has a distal
identity represented by HoxA13 expression. Consideration
should be given to investigating other molecular pathways,
such as the Gdf-5 pathway, which controls the determina-
tion of the joint forming-region and differentiation of the
epiphyses of the digital cartilages (Merino et al., 1999) in
order to complete the regeneration of Xenopus froglet
limbs.
It has long been debated whether the spike formation in
postmetamorphic Xenopus limbs should be classified as
epimorphic regeneration or tissue regeneration. Our results
support the idea that Xenopus limb regeneration should be
classified as epimorphic regeneration, which includes the
presence of wound epidermis, dedifferentiation, PD pattern-
ing, and nerve dependency (Goss and Holt, 1992). We
propose that the spike formation in Xenopus limbs repre-
sents a defective limb regeneration that is initiated by the
nerve supply and mediated by the fgf8 pathway and that one
of the causes of the defective limb regeneration is the
absence of the ZPA expressing shh.
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